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1 We have investigated the vasodilating e�ects of D-erythro-C2-ceramide (C2-ceramide) in
methoxamine-contracted rat mesenteric microvessels.

2 C2-ceramide (10 ± 100 mM) caused a concentration-dependent, slowly developing relaxation which
reached maximum values after &10 min and partially abated thereafter.

3 Endothelium removal or inhibitors of guanylyl cyclase (3 mM ODQ), protein kinase A (10 mM
H7, 1 mM H89) and various types of K+ channels (10 mM BaCl2, 3 mM tetraethylammonium, 30 nM
charybdotoxin, 30 nM iberiotoxin, 300 nM apamine, 10 mM glibenclamide) had only small if any
inhibitory e�ects against C2-ceramide-induced vasodilation, but some of them attenuated
vasodilation by sodium nitroprusside or isoprenaline. A combination of ODQ and charybdotoxin
almost completely abolished C2-ceramide-induced vasodilation.

4 A second administration of C2-ceramide caused a detectable but weaker relaxation. L-threo-C2-
ceramide (100 mM), which should not be a substrate to ceramide metabolism, had no biphasic time
course. The ceramidase inhibitor (1S,2R)-D-erythro-2-(N-myristoylamino)-1-phenyl-1-propanol
(100 mM) alone caused some vasodilation, indicating vasodilation by endogenous ceramides, and
also hastened relaxation by exogenous C2-ceramide. The late-developing reversal of C2-ceramide-
induced vasodilation was absent when a-adrenergic tone was removed by addition of 10 mM
phentolamine.

5 We conclude that C2-ceramide relaxes rat resistance vessels in an endothelium-independent
manner which is prevented only by combined inhibition of guanylyl cyclase and charybdotoxin-
sensitive K+ channels. The vasodilation abates with time partly due to desensitization of the
ceramide response and partly due to metabolism of C2-ceramide to an inactive metabolite.
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Introduction

Ceramide belongs to a class of biologically active lipids and
lipid second messengers, which are characterized by a
sphingoid base backbone and are emerging as important

widespread bioregulators. Ceramide, which chemically con-
sists of sphingosine and an amide-linked fatty acid, is in the
centre of sphingolipid metabolism, and hence is the product

of and substrate to a number of metabolic reactions
(Hannun, 1996; Hannun & Luberto, 2000; Perry & Hannun,
1998). While many of these metabolic pathways are probably

regulated during cellular signalling, most is known about the
so-called sphingomyelin cycle. In this cycle the membrane
lipid sphingomyelin is cleaved by several distinct sphingo-

myelinases to produce phosphocholine and ceramide, which
can then be metabolized back to sphingomyelin (Hannun &
Luberto, 2000). In addition, ceramide can be formed during
de novo sphingolipid synthesis, by cleavage of glycosphingo-

lipids, or directly from sphingosine. Accumulation of
ceramide is caused by a large number of stimuli, most of

them inducers of a stress response, e.g. tumour necrosis
factor-a, interleukin-1, chemotherapeutic agents or radiation
(Hannun & Luberto, 2000). Accordingly, ceramide has been

implicated in apoptosis, inhibition of cell growth and cell
cycle arrest as well as di�erentiation (Hannun & Luberto,
2000). At the molecular level, ceramide can interact with

several proteins including ceramide-activated protein phos-
phatases of the PP1 and PP2A families, a ceramide-activated
proline-directed protein kinase and protein kinase C

(Galadari et al., 1998; Hannun & Luberto, 2000).
In addition to these direct ceramide e�ects, ceramide

metabolism can give rise to other biologically active lipids

such as sphingosine, sphingosine-1-phosphate, glucosyl- or
galactosylceramide and ceramide-1-phosphate (Hannun &
Luberto, 2000; Pyne & Pyne, 2000). Therefore, some
ceramide e�ects may be mediated by such metabolites.

Moreover, the balance between ceramide, sphingosine and
sphingosine-1-phosphate has been claimed to act as a cellular
rheostat decisive for the cell fate, growth or apoptosis

(Cuvillier et al., 1996; Pyne & Pyne, 2000).
While ceramide is mainly recognized as a mediator of

apoptosis, some recent papers have described ceramide-
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induced relaxation of rat aorta which was partially
endothelium-dependent and possibly mediated by NO (Johns
et al., 1997; 1998; Zheng et al., 1999). However, aorta is a

conductance vessel, which may not be representative for the
resistance vasculature, and very recent observations in bovine
coronary resistance vessels indicate that ceramides may also
inhibit vasodilation (Zhang et al., 2001). Moreover, the

related sphingolipid sphingosine-1-phosphate causes vasocon-
striction in vitro and in vivo (Bischo� et al., 2000a,b; 2001a).
Therefore, we have investigated whether ceramide also has

vasodilating e�ects in the resistance vasculature using rat
mesenteric microvessels as a model system. Furthermore, we
have analysed which signalling mechanisms might be

involved. In contrast to ®ndings with rat aorta (Johns et
al., 1997; 1998; Zheng et al., 1999), ceramide-induced
vasodilation abated with time in the mesenteric microvessels.

Therefore, mechanisms underlying this abatement were also
investigated. For most of our investigations we have used D-
erythro-C2-ceramide which will be referred to as C2-ceramide
in this manuscript unless otherwise mentioned.

Methods

Contraction experiments

Adult male Wistar rats (250 ± 350 g) were obtained from the
breeding facility at the University of Essen. Mesenteric
microvessels were prepared from these rats according to

Mulvany & Halpern (1977) as recently described (Chen et al.,
1996). Brie¯y, mesenteric vessels adjacent to the gut (second
branch counting from the gut, internal diameter 100 ±
200 mm) were isolated from surrounding adipose and

connective tissue. The vessel was dissected, and a 40 mm
diameter stainless-steel wire was inserted into the lumen of
the vessel. In some cases the endothelium was removed by

introducing a human hair into the lumen and shoving it
carefully backwards and forwards several times. Then, the
vessel was mounted in the myograph chamber and ®xed to a

micrometer screw. A second wire was inserted and connected
to a force transducer for isometric recording of tension
development. In the myograph, the vessels were bathed in
Krebs-Henseleit bu�er of the following composition (mM):

NaCl 119, NaHCO3 25, KCl 4.7, KH2PO4 1.18, MgSO4 1.17,
CaCl2 2.5, EDTA 0.026, glucose 5.5 at 378C. The chamber
was gassed continuously with 5% CO2/95% O2 to maintain

pH at 7.4. Before generating noradrenaline concentration-
response curves, 1 mM propranolol and 5 mM cocaine were
added to the bu�er to block b-adrenoceptors and neuronal

catecholamine uptake, respectively.
The vessels were allowed 40 min for equilibration. There-

after, the internal diameter of each vessel was set to a tension

equivalent to 0.9 times the estimated diameter at 100 mmHg
e�ective transmural pressure according to the standard
procedure of Mulvany & Halpern (1977), and allowed
another 20 min for equilibration. Thereafter, the preparations

were challenged once with 125 mM KCl and thereafter three
times with a combination of KCl and 10 mM noradrenaline,
and once more with KCl with washouts after each challenge

and 10 min between challenges. At the end of these
stimulations, resting tension stabilized at &5 mN. Following
another 20 min of equilibration, a cumulative concentration-

response curve for noradrenaline was generated and there-
after carbachol (100 mM) was added to control the vessels
ability to contract and relax, respectively. Thereafter, two

di�erent experimental designs were used.
In some experiments, after washout and another 30 min of

equilibration, methoxamine was added. In our preparation
methoxamine is equally e�ective as noradrenaline (maximum

methoxamine response is 104+2% of maximum noradrena-
line response, n=8), and based on a pEC50 of 6.42+0.08 a
concentration of 100 mM methoxamine was used in all further

experiments. Within 15 min after addition of methoxamine,
force of contraction reached a constant level (13.0+0.8 mN,
n=34) which was approximately 80% of the initial

contraction and was used as baseline; subsequently all
contraction data were normalized to the methoxamine
baseline values within the same experiment. Unless otherwise

noted, ceramides or other agents were added 5 min after
responses to methoxamine had stabilized, and contraction
was recorded for another 15 min. At the end of each
experiment carbachol (100 mM) was added and contraction

was recorded for another 5 min.
A di�erent design was used to investigate candidate second

messenger systems involved in the C2-ceramide-induced

vasodilation such as guanylyl cyclase, protein kinase A and
various K+ channels: After washout of noradrenaline and
carbachol and 30 min of equilibration, methoxamine

(100 mM) was added to reach a constant level of force of
contraction (®rst addition). After washout and 30 min of
equilibration, the indicated inhibitors and 15 min later

methoxamine were added (second addition); when responses
to methoxamine had stabilized, a cumulative concentration-
response curve for relaxation by sodium nitroprusside
(0.1 nM± 10 mM) was generated with half-logarithmic incre-

ments. After washout and 30 min of equilibration, the
inhibitors and 15 min later methoxamine (third addition)
were added again and then relaxation responses to isoprena-

line (10 nM± 100 mM) were studied. After another washout
and 30 min of equilibration, the inhibitors and 15 min later
methoxamine (fourth addition) were added again and then

relaxation responses to 100 mM C2-ceramide were studied for
16 min. Finally, 100 mM carbachol were added. In these
experiments, a separate vehicle series was examined for each
inhibitor, and inhibitor and matching vehicle were always

examined in parallel. Contractile responses to the ®rst,
second, third and fourth methoxamine addition in the
absence and presence of the inhibitors are shown in Table 1.

Propanol was omitted from the bu�er in these experiments.

Chemicals

Apamine, MAPP ((1S,2R)-D-erythro-2-(N-myristoylamino)-
1-phenyl-1-propanol), H7 (1-(5-isoquinolinesulfonyl)-2-

methylpiperazine 2 HCl) and H89 (N-[2-((p-bromocinnamy-
l)amino)ethyl]-5-isoquinolinesulfonamide 2 HCl) were from
Calbiochem (Bad Soden, Germany). C2-ceramide (D-erythro-
C2-ceramide), L-threo-C2-ceramide, D-erythro-C2-dihydro-

ceramide and D-erythro-C8-ceramide from Matreya/Biotrend
(KoÈ ln, Germany), D-erythro-C8-ceramide-1-phosphate and
sphingosine-1-phosphate from Biomol (Plymouth Meeting,

PA, U.S.A.). Carbachol HCl, charybdotoxin, glibenclamide,
iberiotoxin, isoprenaline HCl, methoxamine HCl, noradrena-
line bitartrate, ODQ (1H-[1,2,4]oxadiazolo-[4,3-o]quinoxalin-
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1-one), phentolamine HCl, (+)-propranolol HCl and tetra-
ethylammonium were from Sigma (Deisenhofen, Germany).
All ceramides were dissolved at 10 mM in methanol. ODQ

was dissolved at 30 mM in dimethylsulphoxide, glibenclamide
and H89 at 1 and 10 mM, respectively, in ethanol, sodium
nitroprusside at 1 in 10 mM HCl, apamine at 3 mM in 5%
acetic acid, and H7, tetraethylammonium, iberiotoxin and

charybdotoxin at 10 mM, 300 mM, 3 mM and 3 mM, respec-
tively, in deionized water.

Data analysis

Data are shown as means+s.e.mean. Statistical signi®cance

of di�erences between groups was assessed by paired or
unpaired two-tailed t-tests when two groups were compared.
When multiple groups were compared, analysis of variance or

repeated measures analysis of variance followed by Dunnett's

multiple comparison test was used. The e�ect of inhibitors on
vasodilation by ceramide was analysed by a two-way analysis
of variance using main treatment e�ect and time as the

explanatory variables. All statistical calculations were
performed using the Prism program (GraphPad, San Diego,
CA, U.S.A.), and P50.05 was considered signi®cant.

Results

Addition of 100 mM C2-ceramide to rat mesenteric micro-
vessels in the absence of methoxamine caused only minimal if
any vasoconstriction e�ects within a 15 min observation

period, i.e. less than 10% of maximum noradrenaline-induced
contraction (n=12, data not shown). In methoxamine-pre-
contracted microvessels, addition of C2-ceramide caused a

slowly developing relaxation which reached maximum values
after &10 min and partially abated thereafter, yielding a
biphasic time course (Figure 1). Maximum relaxations
observed with 10, 30 and 100 mM C2-ceramide were

15+4% (n=15), 20+5% (n=15) and 65+5% (n=16),
respectively (Figure 1). While this indicates a concentration-
dependent response, it remains unclear whether 100 mM C2-

ceramide is the maximally e�ective concentration because
higher concentrations could not be tested for technical
reasons. At a concentration of 100 mM, several ceramide-

derivatives caused vasodilation with a rank order of C2-
ceramide & D-erythro-C8-ceramide-1-phosphate4L-threo ±
C2-ceramide 44 D-erythro-C2-dihydro-ceramide & D-

erythro-C8-ceramide, with the latter two causing only little
if any vasodilation (Figure 2). Interestingly, the biphasic time
course of C2-ceramide was mimicked by D-erythro-C8-
ceramide-1-phosphate but not by L-threo ±C2-ceramide

(Figure 2).
Mechanical removal of the endothelium did not signi®-

cantly a�ect the potency (7log EC50 6.72+0.07 vs

6.69+0.09; n=19; P=0.7283 in a paired t-test) or maximum
e�ects of noradrenaline (14.1+1.2 vs 16.6+0.8 mN;
P=0.1212 in a paired t-test) in a separate series of

Figure 2 E�ects of various ceramides on methoxamine-pre-con-
tracted rat mesenteric microvessels. D-erythro-C2-ceramide (C2), L-
threo-C2-ceramide (C2-threo), D-erythro-C2-dihydro-ceramide (dihy-
dro-C2), D-erythro-C8-ceramide (C8) or D-erythro-C8-ceramide-1-
phosphate (C8-1-P; 100 mM each) were added to microvessels pre-
contracted with 100 mM methoxamine (n=6±16). Fifteen minutes
later, 100 mM carbachol was added to verify the functional intactness
of the endothelium. Data are expressed as per cent of the response to
methoxamine prior to addition of the ceramides (baseline).

Figure 3 Role of endothelium in C2-ceramide-induced relaxation of
rat mesenteric microvessels. C2-ceramide (100 mM) or corresponding
vehicle were added to microvessels pre-contracted with 100 mM
methoxamine (n=6±15). Fifteen minutes later, 100 mM carbachol
was added to verify the functional intactness of the endothelium.
Experiments were performed in control vessels (+) and in vessels in
which the endothelium had been removed mechanically prior to the
experiment (7). Data are expressed as per cent of the response to
methoxamine prior to ceramide addition (baseline).

Figure 1 Concentration-dependent relaxation of methoxamine-pre-
contracted rat mesenteric microvessels by C2-ceramide. C2-ceramide
at the indicated concentrations was added to microvessels pre-
contracted with 100 mM methoxamine (n=15± 16). Fifteen minutes
later, 100 mM carbachol was added to verify the functional intactness
of the endothelium. Data are expressed as per cent of the response to
methoxamine prior to ceramide addition (baseline).
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experiments (data not shown). As expected, endothelium
removal abolished the relaxant e�ect of 100 mM carbachol
(Figure 3). In contrast, the relaxant e�ect of 100 mM C2-

ceramide was not markedly altered by removal of the
endothelium (maximum relaxation 44+7% vs 52+8%,
Figure 3).
Further experiments were performed to study the possible

involvement of several candidate signal transduction systems
for vasodilation by C2-ceramide and, for comparison, by
sodium nitroprusside and isoprenaline. Four consecutive

methoxamine additions yielded largely stable responses in
the presence of most inhibitors; while addition of H7, H89
and glibenclamide caused some reduction of the methox-

amine responses, this was largely due to e�ects of the
respective vehicles (Table 1). Accordingly, none of the
inhibitors altered methoxamine-induced vasoconstriction by

more than 30% relative to the corresponding vehicle (Table
1, P50.05 only for H7).
The guanylyl cyclase inhibitor ODQ (3 mM) almost

completely abolished vasodilation by sodium nitroprusside

(Table 2) and carbachol (Figure 4), but had only little e�ect

on isoprenaline-induced vasodilation (Table 2). ODQ also
produced a small but statistically signi®cant inhibition of the
C2-ceramide-induced vasodilation (maximum relaxation

44+5% vs 53+5%; Figure 4).
The protein kinase A inhibitors H7 (10 mM) and H89

(1 mM) had only minor e�ects on vasodilation induced by
sodium nitroprusside and, surprisingly, by isoprenaline, and

in either case if anything a slight sensitization of the response
was observed (Table 2). Similarly, both protein kinase A
inhibitors also resulted in a small but statistically signi®cant

facilitation of C2-ceramide-induced vasodilation, which
manifested itself by faster relaxation without major altera-
tions of maximum e�ects (Figure 5).

Among the K+ channel inhibitors, only iberiotoxin
(30 nM) signi®cantly attenuated the vasodilation response
to sodium nitroprusside, whereas BaCl2 (10 mM), tetra-

ethylammonium (3 mM), charybdotoxin (30 nM), apamine
(300 nM) and glibenclamide (10 mM) had no e�ect (Table 2).
The vasodilation response to isoprenaline was slightly but
signi®cantly attenuated by tetraethylammonium, charybdo-

toxin and iberiotoxin (but not by BaCl2, apamine or

Table 1 E�ects of pharmacological inhibitors on repeated vasoconstriction by 100 mM methoxamine

Vehicle Active treatment
1. addition 2. addition 3. addition 4. addition 1 .addition 2. addition 3. addition 4. addition

Inhibitors of cyclic nucleotide-dependent pathways
ODQ 16.5+1.3 16.5+1.3 16.3+1.2 16.2+1.1 15.2+2.1 17.4+2.9 16.1+2.6 15.5+2.3
H7 18.7+1.4 19.8+1.9 18.9+1.5 18.1+1.2 17.1+0.8 15.8+0.6 14.9+0.7*,# 14.2+0.8#
H89 20.3+1.7 20.6+1.8 18.9+2.8 16.3+1.7# 19.3+2.3 18.5+2.1 17.1+2.1# 17.2+2.2#

K+ channel inhibitors
BaCl2 17.0+1.2 16.8+1.2 14.8+1.4 16.0+1.5 19.5+2.9 19.9+2.5 18.7+2.4 19.2+2.4
Tetraethylam-
monium

15.2+1.1 15.6+1.1 14.5+1.1 14.2+0.9# 16.5+2.1 16.0+2.1 14.5+2.4 13.8+2.5#

Charybdotoxin 13.3+1.1 13.4+1.0 12.7+1.2 12.6+1.1 15.5+1.4 16.2+1.5# 15.2+1.4 15.3+1.4
Iberiotoxin 14.2+1.7 13.8+2.0 13.5+1.8 12.8+1.1 15.4+0.9 16.7+0.8# 15.4+0.8 15.7+0.8
Apamine 16.2+1.4 16.2+1.2 15.4+1.2 15.2+1.2 18.6+1.8 19.0+1.8 18.2+1.6 17.6+1.7#
Glibenclamide 18.5+1.1 16.1+1.2 12.4+1.4# 13.5+1.4# 16.0+1.5 13.5+1.6 9.9+1.9# 9.8+2.0#

Data are shown as mN force of contraction and are mean+s.e.mean of 6-12 experiements. *P50.05 vs corresponding vehicle in an
unpaired, two-tailed t-test. #P0.05 vs 1. addition in a repeated measure ANOVA followed by Dunnett's multiple comparison test. Note
that the 1. addition also was in the absence of inhibitor in the active treatment group.

Table 2 E�ects of pharmacological inhibitors on vasodilation induced by sodium nitroprusside or isoprenaline

Sodium nitroprusside Isoprenaline
Maximum

relaxation, % 7log EC50

Maximum
relaxation, % 7log EC50

Vehicle Inhibitor Vehicle Inhibitor Vehicle Inhibitor Vehicle Inhibitor

Inhibitors of cyclic nucleotide-dependent pathways
ODQ 55+4 15+13** 6.96+0.14 6.37+2.54 100$ 100$ 4.69+0.04 4.53+0.04*
H7 67+3 80+3* 7.22+0.09 7.39+0.07 60+8 82+5* 6.11+0.27 6.72+0.14
H89 70+18 68+8 6.72+0.65 7.13+0.29 100$ 100$ 4.91+0.09 5.27+0.11*

K+ channel inhibitors
BaCl2 81+25 75+17 7.30+0.71 7.26+0.45 100$ 100$ 5.33+0.10 5.08+0.08
Tetraethylam-
monium

71+4 69+3 7.20+0.14 7.18+0.08 96+7 93+11 5.35+0.11 4.87+0.11*

Charybdotoxin 46+4 37+4 6.95+0.16 6.67+0.18 100$ 100$ 4.82+0.10 4.40+0.05**
Iberiotoxin 62+5 38+4** 7.26+0.19 6.58+0.16* 100+10 98+8 5.03+0.13 4.57+0.07**
Apamine 57+3 57+2 6.94+0.11 7.13+0.07 94+13 97+21 5.04+0.20 5.16+0.35
Glibenclamide 73+5 68+3 7.17+0.15 7.44+0.10 95+6 94+15 5.03+0.06 5.24+0.27

Data are mean+s.e.mean of 6 ± 12 experiments. $: Set at 100% relaxation since curve ®tting converged at values 4100%; *and **:
P50.05 and 50.01, respectively, vs corresponding vehicle group in an unpaired, two-tailed t-test.
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glibenclamide); in either case the inhibition consisted of a

right-shift of the concentration-response curve by less than
half a log unit and did not a�ect the maximum
vasodilation response to isoprenaline (Table 2). The
vasodilation response to C2-ceramide was not a�ected by

tetraethylammonium (Figure 6) or iberiotoxin (Figure 7)
whereas charybdotoxin (Figure 7) and glibenclamide (Figure
8) caused a minor but statistically signi®cant inhibition, and

apamine caused a minor but statistically signi®cant
enhancement of C2-ceramide-induced relaxation (Figure 8).
BaCl2 did not a�ect maximum relaxation by C2-ceramide

but tended to cause a minor slowing of its time course
(P=0.0506 in a two-way ANOVA for the main treatment
e�ect, Figure 6).

The observation that each of the above inhibitors had only
minor e�ects on C2-ceramide-induced relaxation suggests
that relaxation occurs by a mechanism distinct from those
being inhibited or that a combination of mechanisms is

active. To test these possibilities, we have investigated C2-
ceramide-induced relaxation in the combined presence of
ODQ (3 mM) and charybdotoxin (30 nM). This combination

almost completely abolished the C2-ceramide-induced relaxa-
tion (maximum relaxation 12+2% vs 78+5%; Figure 9).
To elucidate the consistently observed biphasic time

course of C2-ceramide e�ects on mesenteric microvessel
tone, further experiments tested whether C2-ceramide was
metabolized to a vasoconstricting or an inactive agent and

whether cellular desensitization of C2-ceramide responses
occurs. Since the ceramide metabolites sphingosine and
sphingosine-1-phosphate can constrict mesenteric microves-
sels (Bischo� et al., 2000a), we tested whether 100 mM
sphingosine-1-phosphate could also cause vasoconstriction
in the presence of methoxamine and thus be responsible for
reversal of relaxation. These experiments demonstrated a

small but detectable vasoconstriction by sphingosine-1-
phosphate in the presence of methoxamine (Figure 10).
Similar ®ndings were obtained with the related 100 mM

sphingosylphosphorylcholine (data not shown). On the other
hand, the late reversal of ceramide-induced vasodilation was
completely abolished when the vasoconstricting tone of

methoxamine was prevented by addition of phentolamine
(Figure 11), indicating that no vasoconstricting agent was
generated. This was further supported by experiments with

the ceramidase inhibitor, MAPP (Bielawska et al., 1996)
which prevents formation of sphingosine and sphingosine-1-
phosphate from ceramide and causes accumulation of the

latter (Bielawska et al., 1996; Hannun & Luberto, 2000).
Addition of MAPP (100 mM) alone caused a very slowly
developing relaxation of methoxamine-contracted microves-
sels which was &20% after 10 min relative to vehicle-treated

time controls (Figure 12). In the presence of MAPP, the
maximum relaxant e�ect of C2-ceramide remained unaltered
but was hastened; maximum relaxation was reached within

5 min as compared to maximum relaxation by C2-ceramide
in the absence of MAPP after &10 min (Figure 12).
Importantly, recovery of force of contraction after initial

Figure 4 E�ect of the guanylyl cyclase inhibitor ODQ on C2-
ceramide-induced relaxation of rat mesenteric microvessels. ODQ
(3 mM) or vehicle was added, followed by methoxamine (100 mM) and
after 15 min by C2-ceramide (100 mM, n=7±8). Seventeen minutes
later, 100 mM carbachol was added to test the inhibitor e�ect on
endothelium-dependent vasodilation. Data are expressed as per cent
of the response to methoxamine prior to ceramide addition (baseline)
as shown in Table 1. The inhibitor e�ect of ODQ was statistically
signi®cant (P=0.0018) in a two-way ANOVA for the overall
treatment e�ect.

Figure 5 E�ect of the protein kinase A inhibitors H7 and H89 on
C2-ceramide-induced relaxation of rat mesenteric microvessels. H7
(10 mM, upper panel), H89 (1 mM, lower panel) or their vehicles were
added, followed by methoxamine (100 mM) and after 15 min by C2-
ceramide (100 mM, n=6 each). Seventeen minutes later, 100 mM
carbachol was added to test the inhibitor e�ect on endothelium-
dependent vasodilation. Data are expressed as per cent of the
response to methoxamine prior to ceramide addition (baseline) as
shown in Table 1. The inhibitor e�ects of H7 and H89 were
statistically signi®cant (P=0.0003 and P50.0001, respectively) in a
two-way ANOVA for the overall treatment e�ect.
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relaxation was somewhat slower but not prevented in the
presence of MAPP (Figure 12).

To determine whether desensitization was involved, we
added C2-ceramide (100 mM) a second time, i.e. 15 min after
the ®rst addition (Figure 13). The second administration of

C2-ceramide not only prevented the late-developing vasocon-
striction, but rather caused detectable additional relaxation;
however, this second phase of relaxation was smaller than the

initial relaxation, short-lived and abated with time.

Discussion

Previous studies have shown that C2-ceramide can concen-
tration-dependently relax pre-contracted rat aortic rings

(Johns et al., 1997; 1998; Zheng et al., 1999), whereas it
inhibits endothelium-dependent vasodilation in bovine small
coronary arteries (Zhang et al., 2001). Because of these

controversial data and particularly since aorta contributes
only little to the regulation of peripheral resistance, the
present study has investigated ceramide e�ects in a part of

the resistance vasculature, i.e. mesenteric microvessels (Chen
et al., 1996). Our data demonstrate that C2-ceramide causes a

slowly developing, concentration-dependent relaxation of
microvessels pre-contracted with the a1-adrenoceptor agonist
methoxamine. While aorta and mesenteric microvessels

exhibited similar maximal C2-ceramide-induced vasodilation,
the aorta appears to be slightly more sensitive to C2-ceramide
than the mesenteric microvessels.

In rat aorta, D-erythro-C2-dihydro-ceramide was inactive
(Zheng et al., 1999). In the present study, D-erythro-C2-
dihydro-ceramide, similar to the long-chain D-erythro-C8-

ceramide, also had little e�ect on vascular tone, whereas the
stereo-isomer of C2-ceramide, L-threo-C2-ceramide, and D-
erythro-C8-ceramide-1-phosphate produced considerable va-
sodilation. Whether this relates to the possibility that some

ceramides are less cell permeant than others, remains to be
determined. The overall data, however, demonstrate that
ceramide-induced vasodilation is not a non-speci®c lipid

e�ect but rather has distinct structure-activity relationships.
The hypothesis of a speci®c ceramide e�ect on vascular tone
is further supported by the observation that the ceramidase

Figure 6 E�ect of the K+ channel inhibitors BaCl2 and tetra-
ethylammonium on C2-ceramide-induced relaxation of rat mesenteric
microvessels. BaCl2 (10 mM, upper panel), tetraethylammonium
(TEA, 3 mM, lower panel) or their vehicles were added, followed
by methoxamine (100 mM) and after 15 min by C2-ceramide (100 mM,
n=6±7). Seventeen minutes later, 100 mM carbachol was added to
test the inhibitor e�ect on endothelium-dependent vasodilation. Data
are expressed as per cent of the response to methoxamine prior to
ceramide addition (baseline) as shown in Table 1.

Figure 7 E�ect of the K+ channel inhibitors charybdotoxin and
iberiotoxin on C2-ceramide-induced relaxation of rat mesenteric
microvessels. Charybdotoxin (30 nM, upper panel), iberiotoxin
(30 nM, lower panel) or their vehicles were added, followed by
methoxamine (100 mM) and after 15 min by C2-ceramide (100 mM,
n=6±8). Seventeen minutes later, 100 mM carbachol was added to
test the inhibitor e�ect on endothelium-dependent vasodilation. Data
are expressed as per cent of the response to methoxamine prior to
ceramide addition (baseline) as shown in Table 1. The inhibitor e�ect
of charybdotoxin (but not of iberiotoxin) was statistically signi®cant
(P=0.0022) in a two-way ANOVA for the overall treatment e�ect.
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inhibitor MAPP (Bielawska et al., 1996) hastened relaxation
by C2-ceramide. Our observation that MAPP alone also
caused some vasodilation suggests that endogenous ceramides

may also cause vasodilation.
Vasodilation can occur by a variety of mechanisms, some

of which are endothelium-dependent and involve release of
NO, vasodilating prostaglandins and/or endothelium-derived

hyperpolarizing factor. In rat aorta, mechanical endothelium
removal or inhibition of NO synthase partly attenuated the
vasodilating e�ects of C2-ceramide (Johns et al., 1998; Zheng

et al., 1999). In contrast, C2-ceramide-induced relaxation of
mesenteric microvessels was not signi®cantly a�ected by
mechanical endothelium removal, although that manoeuvre

abolished vasodilation induced by carbachol. Thus, endothe-
lium-derived NO release may partly be relevant in ceramide-
induced vasodilation in rat aorta but not in rat mesenteric

microvessels, suggesting a regional heterogeneity in vascular

Figure 8 E�ect of the K+ channel inhibitors apamine or glib-
enclamide on C2-ceramide-induced relaxation of rat mesenteric
microvessels. Apamine (300 nM, upper panel), glibenclamide
(10 mM, lower panel) or their vehicles were added, followed by
methoxamine (100 mM) and after 15 min by C2-ceramide (100 mM,
n=6±12). Seventeen minutes later, 100 mM carbachol was added to
test the inhibitor e�ect on endothelium-dependent vasodilation. Data
are expressed as per cent of the response to methoxamine prior to
ceramide addition (baseline) as shown in Table 1. The enhancing
e�ect of apamine and the inhibitor e�ect of glibenclamide were
statistically signi®cant (P=0.0097 and P=0.0072, respectively) in a
two-way ANOVA for the overall treatment e�ect.

Figure 9 E�ect of a combination of ODQ and charybdotoxin on
C2-ceramide-induced relaxation of rat mesenteric microvessels. The
combination of ODQ (3 mM) and charybdotoxin (30 nM) or of their
vehicles were added, followed by methoxamine (100 mM) and after
15 min by C2-ceramide (100 mM, n=8). Seventeen minutes later,
100 mM carbachol was added to test the inhibitor e�ect on
endothelium-dependent vasodilation. Data are expressed as per cent
of the response to methoxamine prior to ceramide addition (baseline).

Figure 10 E�ect of sphingosine-1-phosphate (SPP) on methoxa-
mine-pre-contracted rat mesenteric microvessels. SPP (100 mM) or
vehicle was added to microvessels pre-contracted with 100 mM
methoxamine (n=13). Fifteen minutes later, 100 mM carbachol was
added to verify the functional intactness of the endothelium. Data are
expressed as per cent of the response to methoxamine prior to SPP
addition (baseline).

Figure 11 In¯uence of a-adrenoceptor antagonism on the late phase
of the e�ect of C2-ceramide on rat mesenteric microvessels. C2-
ceramide (100 mM) was added to microvessels pre-contracted with
100 mM methoxamine (n=6±10). Ten minutes later, 10 mM phento-
lamine or vehicle was added, and another 5 min later 100 mM
carbachol was added to verify the functional intactness of the
endothelium. Data are expressed as per cent of the response to
methoxamine prior to ceramide addition (baseline).
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ceramide responses. A variety of other mechanisms can
mediate endothelium-independent vasodilation, including

activation of a guanylyl cyclase, activation of a protein
kinase A, inhibition of a protein kinase C, activation of
protein phosphatases, activation of K+ channels and
inhibition of cellular Ca2+ elevations, and some of these

mechanisms may act sequentially. Inhibition of cellular Ca2+

elevations or activation of protein phosphatases are di�cult
to test as mechanisms of relaxation, since interference with

either pathway will also a�ect a1-adrenoceptor-mediated
vasoconstriction independent of the concomitant presence
of a vasodilating agent (Chen et al., 1996; Fetscher et al.,

2001; Knapp et al., 2000). Nevertheless inhibition of Ca2+

elevations should be kept in mind as a potential mechanism
of C2-ceramide-induced vasodilation, since C2-ceramide can

inhibit a1-adrenoceptor-stimulated Ca2+ elevations in rat
aortic smooth muscle cells (Zheng et al., 1999). Ceramides
can inhibit protein kinase C (Hannun, 1996), and protein
kinase C inhibition has been reported to attenuate a1-
adrenoceptor-induced vasoconstriction in some vascular beds
(Lee et al., 1999). However, this mechanism is unlikely to be
relevant for C2-ceramide-induced vasodilation in rat mesen-

teric microvessels, since a1-adrenoceptor-induced vasocon-
striction in this preparation is not a�ected by protein kinase
C inhibition (Fetscher et al., 2001). Moreover, C2-ceramide-

induced relaxation of rat aorta is not a�ected by inhibition of
protein kinase C (Zheng et al., 1999).
Therefore, we have focused on three other candidate

signalling mechanisms which might mediate endothelium-
independent vasodilation by ceramides, i.e. activation of a
guanylyl cyclase which may cause vasodilation due to
elevated cellular cyclic GMP levels (Koesling, 1998), activa-

tion of a protein kinase A which may cause vasodilation e.g.
due to inhibition of cellular Ca2+ entry (Pyne & Pyne, 1996),
and activation of various types of K+ channels which may

cause vasodilation secondary to cellular hyperpolarization
(Kuriyama et al., 1995). In this respect sodium nitroprusside
and isoprenaline were studied for comparison. While

cumulative concentration-response curves could be analysed
for sodium nitroprusside and isoprenaline, only a single high

concentration of C2- ceramide could be tested within each
preparation because; (a) C2-ceramide exhibited a very steep
concentration-response relationship; and (b) the time course
of C2-ceramide-induced vasodilation was biphasic and this

biphasicity was at least partly due to desensitization of the
response (see below). This technical limitation should be kept
in mind when interpreting the present data.

Activation of a guanylyl cyclase is the well established
mechanism of action for vasodilation not only by endothe-
lium-derived NO but also by organic nitrates including

sodium nitroprusside (Calver et al., 1993). Accordingly, the
guanylyl cyclase inhibitor ODQ almost completely abolished
vasodilation by sodium nitroprusside. The small but

statistically signi®cant right-shift of the isoprenaline concen-
tration-response curve is in good agreement with recent
reports on a contribution of NO release to the vasodilating
properties of b-adrenoceptor agonists (Trochu et al., 1999;

Xu et al., 2000). Similarly, ODQ caused a minor but
statistically signi®cant inhibition of vasodilation by ceramide.

The b-adrenoceptor agonist isoprenaline and various other

cyclic AMP-elevating or cyclic AMP-mimicking agents cause
vasodilation in various blood vessels. In the present study
two protein kinase A inhibitors surprisingly failed to

antagonize the isoprenaline-induced vasodilation, and both
H7 and H89 if anything slightly enhanced vasodilation by
isoprenaline, sodium nitroprusside and C2-ceramide. While it

may be surprising that b-adrenoceptor-mediated vasodilation
is not protein kinase A-mediated, recent data from other
investigators also demonstrate that b-adrenoceptor agonist
e�ects on vascular smooth muscle cells occur at least partly

independent of protein kinase A (Viard et al., 2001).
Therefore, the present data cannot exclude a role for cyclic
AMP in C2-ceramide-induced vasodilation but clearly

demonstrate that protein kinase A is not involved. A more
detailed analysis of potential enhancements of vasodilation
by H7 and H89 was beyond the scope of the present study.

Figure 12 E�ect of C2-ceramide on rat mesenteric microvessel tone
in the absence and presence of a ceramidase inhibitor. The
ceramidase inhibitor, MAPP (100 mM) or corresponding vehicle
(control) were added to microvessels pre-contracted with 100 mM
methoxamine. Ten minutes later, 100 mM C2-ceramide was added
(n=8). After another 15 min, 100 mM carbachol was added to verify
the functional intactness of the endothelium. Data are expressed as
per cent of the response to methoxamine prior to MAPP addition
(baseline).

Figure 13 E�ect of repeated C2-ceramide administration on rat
mesenteric microvessels. C2-ceramide (100 mM) was added to
microvessels pre-contracted with 100 mM methoxamine, followed by
a second administration of C2-ceramide (100 mM) 15 min later
(n=14). After another 15 min, 100 mM carbachol was added to
verify the functional intactness of the endothelium. Data are
expressed as per cent of the response to methoxamine prior to
ceramide addition (baseline).
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Activation of K+ channels is a well documented
mechanism of vasodilating drugs (Kuriyama et al., 1995).
The multitude of K+ channel types which may be involved

and the limited availability of tools for highly selective
inhibition of individual channels hamper a detailed
association of vasodilation by a speci®c agent with a
speci®c K+ channel type. In the present study, the broad-

spectrum K+ channel inhibitors BaCl2 and tetraethylammo-
nium did not have major e�ects on vasodilation by sodium
nitroprusside, isoprenaline or C2-ceramide. Although the

KATP channel blocker glibenclamide has been reported to
partially inhibit isoprenaline-induced vasodilation in the
hypoxic pulmonary circulation (Dumas et al., 1999), it did

not a�ect vasodilation by isoprenaline in the present study
and also had little if any e�ect on vasodilation by sodium
nitroprusside or C2-ceramide. Apamine is an inhibitor of

SKCa small conductance K+ channels and has been shown
to inhibit e.g. b3-adrenoceptor-mediated vasodilation in a
perfused hypoxic lung preparations (Dumas et al., 1999).
However, in the present study apamine did not a�ect

vasodilation by isoprenaline or sodium nitroprusside and
surprisingly even enhanced vasodilation by C2-ceramide.
Finally, two inhibitors of BKCa large conductance Ca2+-

sensitive K+ channels, charybdotoxin and iberiotoxin, have
been studied. While iberiotoxin inhibited the vasodilation
response to sodium nitroprusside and, to a lesser extent,

isoprenaline, charybdotoxin was ine�ective against these
two vasodilators. In contrast, charybdotoxin but not
iberiotoxin caused a small but statistically signi®cant

inhibition of C2-ceramide-induced vasodilation.
Taken together the above data suggest that inhibition of any

of the tested signalling pathways is insu�cient to markedly
attenuate vasodilation by C2-ceramide. Thus, C2-ceramide-

induced vasodilation could occur by a novel as yet unde®ned
mechanism or by the combination of multiple mechanisms
which are activated in parallel and can at least partly

compensate for each other if one of them is inhibited. To test
this possibility we have investigated the combination of the two
strongest inhibitors of C2-ceramide-induced vasodilation, i.e.

ODQ and charybdotoxin. This combination almost completely
abolished the relaxant e�ects of C2-ceramide. These data
suggest that C2-ceramide-induced vasodilation involves activa-
tion of both a guanylyl cyclase and BKCa large conductance

Ca2+-sensitive K+ channels, but the molecular link between
C2-ceramide and these e�ector pathways remains to be
determined.

In contrast to observations in rat aorta (Johns et al., 1997),
our experiments revealed a consistently biphasic time course
of C2-ceramide e�ects in mesenteric microvessels. Thus,

vasodilation reached a nadir after &10 min and abated
thereafter. Three possibilities could explain this biphasic time
course: Firstly, it could be due to abatement of the C2-

ceramide-induced vasodilation by cellular desensitization and/
or to C2-ceramide depletion, e.g. by cellular metabolism to
an inactive form. Second, it could be due to metabolism of
the vasodilating C2-ceramide to a vasoconstricting agent.

Third, C2-ceramide may itself exhibit vasodilating and
vasoconstricting properties with vasoconstriction developing
much slower than vasodilation. Therefore, further experi-

ments were designed to test these hypotheses.
Ceramides can be metabolized to sphingosine and

sphingosine-1-phosphate (Hannun & Luberto, 2000), which

have recently been shown to constrict the rat mesenteric
vasculature in vitro (Bischo� et al., 2000a) and in vivo
(Bischo� et al., 2000b; 2001b). Indeed, our data demonstrated

that sphingosine-1-phosphate can cause some vasoconstric-
tion even in the presence of the a1-adrenoceptor agonist,
methoxamine. If this would underlie the late-developing
vasoconstriction, it should remain detectable or even

enhanced upon withdrawal of a-adrenergic tone. However,
our experiments with phentolamine demonstrated that with-
drawal of a-adrenergic tone completely prevented the late-

developing vasoconstriction by C2-ceramide, which is in line
with our experiments demonstrating that C2-ceramide itself is
not a vasoconstrictor. Furthermore, inhibition of ceramidase

did not prevent the appearance of the vasoconstriction phase.
Thus, metabolism of C2-ceramide to vasoconstricting
sphingosine or sphingosine-1-phosphate does not appear to

play a major role in the late developing re-occurrence of
vascular tone, although formation of a C2-ceramide
metabolite with so far unrecognized vasoconstricting proper-
ties cannot be excluded.

On the other hand, several lines of evidence indicate that
abatement of vasodilation is involved in the late-developing
re-occurrence of vascular tone. Thus, a second administration

of C2-ceramide added during the phase of late-developing
vasoconstriction caused some vasodilation but less than the
®rst administration. This suggests that cellular desensitization

is involved in the biphasic time course of C2-ceramide in the
mesenteric microvessels but cannot fully explain it. Addition-
ally, ceramide metabolism appears to contribute to the late-

developing increase in vascular tone. Thus, a second dose of
ceramide at least temporarily prevented the late-developing
vasoconstriction. Moreover, the stereo-isomer, L-threo-C2-
ceramide, which should not be a substrate to C2-ceramide

metabolism (Hannun & Luberto, 2000), had no biphasic time
course. Therefore, the overall data suggest that the late-
developing vasoconstriction is mainly due to desensitization

of C2-ceramide-induced vasodilation and may additionally
involve metabolism of C2-ceramide to an inactive form.
In conclusion, our study demonstrates that ceramides can

relax not only rat aorta (Johns et al., 1997; 1998; Zheng et
al., 1999) but also mesenteric microvessels. This occurs with
distinct structure-activity relationships and via distinct
mechanisms. Vasodilation in the microvessels is, in contrast

to rat aorta, endothelium-independent and appears to
involve a combination of activation of a guanylyl cyclase
and BKCa large conductance Ca2+-sensitive K+ channels.

Moreover, the e�ect of exogenous C2-ceramide on
mesenteric microvessels has a biphasic time course with a
late-developing vasoconstriction which may involve multiple

factors including desensitization and (agonist) stimulus
depletion from the organ bath by metabolism. Since
ceramide accumulation is caused by stimuli such as tumour

necrosis factor-a and interleukin-1 (Hannun & Luberto,
2000), we speculate that ceramide-induced vasodilation
could play a pathophysiological role in states such as
septic shock.
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